Background: Renal cell carcinoma (RCC) is the most common cancer in adult kidney. The accuracy of current diagnosis and prognosis of the disease and the effectiveness of the treatment for the disease are limited by the poor understanding of the disease at the molecular level. To better understand the genetics and biology of RCC, we profiled the expression of 7,129 genes in both clear cell RCC tissue and cell lines using oligonucleotide arrays.
Background
Renal cell carcinoma (RCC) accounts for 3% of all malignancies with about 30,000 new cases and 12,000 deaths each year in the United States. RCC is the most common cancer in adult kidney and the most lethal cancer of the urinary system. The incidence of RCC has been increasing at a rate of 3% per year in the United States and Europe. Histopathologically, RCC is a heterogeneous disease. The five distinct types of RCC include clear cell (70-80%), papillary (15-20%) , chromophobe (4-5%), collecting duct (<1%) and medullary cell (<1%) [1] . The most common RCC, clear cell RCC, is believed to originate from the proximal tubule epithelium. It is mostly sporadic, unilateral, and unifocal [2] . The main genetic alterations of clear cell RCC have been identified to be chromosome 3 alterations and Von Hippel-Landau gene mutations [2] .
The diagnosis of RCC is often confirmed by imaging studies such as computed tomography and X-ray, but the possible existence of benign renal tumors can be a serious challenge to the diagnosis. Previous studies have shown that RCC is one of the most therapy-resistant cancers. It responds very poorly or not at all to chemotherapy, hormonal therapy and radiation therapy [2, 3] . Even for the immunotherapy, the response rate is only 10-15% and mostly the response is partial [2] . Surgery thus remains to be the main method of treatment for RCC although it is effective only in about 70% of early-stage and localized RCC [2, 4] . The prognosis of RCC is mainly based on the clinical stage and pathological grade of the disease. A review of the Cleveland Clinic Foundation's nephrectomy database with a 10-year follow-up revealed that the size and stage of tumor had the best prognostic value whereas the surgical margin width was not significant [5, 6] . This suggests that patients' outcomes with surgery are primarily dependent on tumor biology. Therefore, the advances in our understanding of the genetics and biology of RCC are essential to improve the current diagnosis, treatment and prognosis of RCC.
The emergence of DNA microarray technology made it possible to investigate the expression of thousands of genes simultaneously [7] [8] [9] [10] [11] [12] [13] . The large-scale analysis of the gene expression levels can provide insights into the underlying molecular mechanism of RCC and possibly lead to the finding of molecular tumor markers that can potentially be used for more accurate diagnosis, prognosis and possibly can serve as drug targets for effective therapies. Recently, microarray gene expression profiling has been performed to identify gene expression patterns for many solid and hematological malignancies such as colon cancer, breast cancer, prostate cancer, leukemia, and lymphoma [14] [15] [16] [17] [18] [19] [20] . Molecular profiling of RCC using cDNA microarrays has also been reported [21] [22] [23] [24] [25] [26] . Using a 31,500-element cDNA array, Boer et al. identified 1, 738 differentially expressed genes in clear cell RCC. Three hundred and twenty-one of them were annotated for biological processes [22] . Takahashi [26] .
To better understand the genetics and biology of clear cell RCC, we profiled the expression of 7129 genes in two pooled RCC tissue samples, two patient-matched normal tissues and two pooled RCC cell lines using oligonucleotide arrays. The gene expression profiles were analyzed and visualized using singular value decomposition analysis. A subset of differentially expressed genes identified in this study is common to those discovered previously. Based on biological process ontology, selected genes were annotated and clustered extensively. The analysis of the expression profiles of genes in the annotated functional groups provides insights into biological pathways of RCC. Moreover, comparison of expression patterns in RCC tissue samples and RCC cell lines reveals significant differences between the two types of samples.
Methods

Tissue samples and RCC cell lines
Six clear cell RCC tissue samples (four of them were Fuhrman grade 3, one Fuhrman grade 2, one Fuhrman grade 1) along with six corresponding patient-matched normal kidney tissue samples were obtained from patients undergoing partial or radical nephrectomy at the Cleveland Clinic Foundation. Institutional review board approval and informed consent from patients were obtained and tissue samples were frozen and stored at -80°C immediately after surgery. All the RCC tumors were at the early stages of development (five at stage 1 and one at stage 2). The ages of patients were around sixty years old. Five patients were white male and one was white female. Metastatic RCC cell lines, RCC13 and RCC54 [27] were obtained from Memorial Sloan-Kettering Cancer Center. Six corresponding patient-matched normal samples were divided into two groups accordingly. A total of four groups of tissue samples were thus generated, two RCC tissue groups and two normal kidney tissue groups. For each group, 10 µg of total RNA from each tissue sample were pooled. Four pooled total RNA samples from tissues were thus generated. Also, one pooled total RNA sample was generated by pooling 10 µg of total RNA isolated from each of the two RCC cell lines. Double-stranded cDNAs were synthesized from 10 µg of each total RNA sample using SuperScript Choice double-stranded cDNA synthesis kit from Invitrogen following the manufacturer's protocol. cDNAs were purified by phenol/chloroform extraction and ethanol precipitation. Biotin-labeled cRNAs were synthesized by an in vitro transcription reaction using the BioArray HighYield RNA Transcript Labeling Kit (Enzo Diagnostics, Farmingdale, NY). cRNAs were purified from the in vitro transcription reaction using RNeasy Mini kit (Qiagen, Valencia, CA). The fragmentation of biotin-labeled cRNAs and hybridization of the fragments to HuFL Oligonucleotide Arrays (Affymetrix, Santa Clara, CA) were performed following the manufacturer's protocol. The Oligonucleotide Arrays were washed and stained according to the Affymetrix protocol Midi-3 Euk2v3, and scanned using a Hewlett-Parkard GeneArray scanner (Hewlett-Parkard, Palo Alto, CA) with a 570 nM filter and a pixel size of 3 µM. For RT-PCR experiments, total RNAs were isolated from eight additional pairs of RCC tissues and patientmatched normal kidney tissues using the same methods described above.
RNA extraction and microarray experiments
Data preprocessing
Raw data were acquired using Microsuite 5.1 software of Affymetrix and normalized following a standard practice of scaling the average of all gene signal intensities to a common arbitrary value. The 7,129 genes were preprocessed to eliminate the genes whose signal intensities were not significantly different from their background levels and thus labeled as "Absent" by MicroSuite 5.1. After elimination, 3,145 genes remained for further analysis.
Functional clustering analysis
To analyze the expression profiles of genes in different biological functional groups, 1340 of the 3145 selected genes were annotated for biological process using the software GeneSpring from Silicon Genetics. The ontology is based on the description of the Gene Ontology Consortium [28] . The annotated genes were then categorized into functional groups and analyzed based on the gene expression levels.
RT-PCR
cDNA was synthesized by reverse transcription of 2.5 µg total RNA using oligo(dT) [12] [13] [14] [15] [16] [17] [18] and SuperScript II RNA Hreverse transcriptase (Invitrogen). Using the same cDNA preparation as template, DNA fragments of SLC6A3, BIGH3 and vWF were amplified by 35 PCR cycles using Taq polymerase (Invitrogen). Normalization was made using α-tubulin. Primers used for the PCR amplifications are as follows: The PCR products were separated on 2% agrose gels, stained with ethidium bromide and visualized using the Flouro-Chem imaging system (Alpha InnoTech Cooperation).
Singular value decomposition
Singular value decomposition is a very powerful method to analyze and compare the subspaces associated with a matrix. It has been widely used in data compression and visualization [29] . Recently there have been many applications of SVD to analyze microarray gene expression data [30] [31] [32] [33] [34] . Following the notation of van Loan [29] , the SVD of a real m-by-n (m≥n) matrix A can be written as:
where U = [u 1 ,u 2 ,...,u n ]∈ R mxn and V = [v 1 ,v 2 ,...,v n ]∈ R nxn are orthogonal matrices and Σ = diag(σ 1 , ... ,σ n )∈ R nxn is a diagonal matrix and σ 1 ≥ ... ≥σ r ≥σ r+1 = ... = σ n = 0. The vectors u i and v i are the ith left and right singular vectors respectively, σ i are the singular values of A, and r is called the rank of A. Based on the structure of the decomposition, the SVD expansion can be readily obtained
The magnitudes of singular values indicate how close a given matrix A is to a matrix of lower rank. In gene expression data analysis, each column of A represents the expression profile of a corresponding sample and each row represents the transcriptional response of a specific gene.
The singular values indicate how well a lower dimensional linear projection of the expression data can represent the original data. The projection onto a subspace spanned by the first p left/right singular vectors can be described by Analyzing and visualizing a resulting lower dimensional projection can provide a great insight into understanding the inherent structure of the original data. In this study, the gene expression data was projected onto a 2-D subspace spanned by the first two left singular vectors.
Results
Patterns of gene expression alterations in RCC tissue samples
To analyze the expression profiles of genes in different biological functional groups, 1340 of the 3145 selected genes were annotated for their biological processes. The gene ontology tree that describes the biological process is shown in Figure 1 . The 1340 annotated genes were associated with 72 nodes within the ontology. As shown in Figure 1 , there are three numerical numbers following the name of each category node. The first integer represents the number of genes associated with the category. The first percent number stands for the percentage of genes in the category that are at least two-fold up-regulated in average. The second number is the percentage of down-regulated genes. Notably, 16% of the total 1340 genes are up-regulated while only 9% of them are down-regulated. The majority (75%) of the genes are not differentially expressed. The biological process ontology includes two major categories: cell communication and signal transduction. Higher percentages of genes in signal transduction are up-regulated compared with that for cell communication. In many functional groups such as cell adhesion, cell motility, proliferation, stress response, Gprotein signaling, Ca++ dependent receptor signaling, integrin receptor signaling, transduction, viral life cycle, and pathogenesis, a majority of the differentially expressed genes are up-regulated. This suggests that these gene categories are in the up-regulated pathways and likely play significant roles in carcinogenesis. On the other hand, only very few categories such as biogenesis, gamma aminobutyric acid signaling, nitric oxide mediated signal transduction, and respiration appear to be in the downregulated pathways. More notably, significant numbers of genes in metabolism and transport are down-regulated, although some important genes in these two groups, such as manganese superoxide dismutase, are up-regulated and its over-expression at protein level is also observed [35] . These interesting expression patterns reflection on ontology suggest important functional gene regulation pathways and also reveal variations in the gene expression levels even within a functional group such as metabolism.
Based on expression levels, 74 differentially expressed genes with at least 5-fold change in expression level in both pooled RCC tissue samples were identified and are shown in Tables 1 and 2 . Many of the gene expression patterns revealed in the tables are consistent with those in Figure 1 , although more genes are down-regulated than up-regulated when at least 5-fold change was used as a selection criterion. Table 1 describes the 32 up-regulated genes in RCC. The over-expression of 19 of them was reported in the literature [22] [23] [24] 26] . The expression alteration of 3 of them, dopamine transporter (SLC6A3), transforming growth factor-beta induced gene product (BIGH3) and von Willebrand factor (vWF), were verified here by RT-PCR. The results are shown in Figure 2 . The transcript levels of SLC6A3 and vWF were remarkably higher in nearly all the RCC tissues than in the normal tissues. The transcript levels of BIGH3 were also significantly higher in almost all the RCC tissues examined. Table 2 describes 42 down-regulated genes, of which 29 were reported previously [22] [23] [24] 26] . This group of highly differentially expressed genes may be useful as molecular tumor markers that can potentially be used for more accurate diagnosis, prognosis and possibly can serve as drug targets for effective therapies.
Patterns of gene expression alterations in RCC cell line
We also performed a microarray experiment using total RNA from RCC cell lines in parallel with those using total RNA from tissue samples. The average gene expression level of normal tissue samples was used as the normal reference. The same data preprocessing and analysis as described above was performed. The ontology tree of 75 nodes together with the statistics of the 1383 selected genes was generated (Ontology tree not shown). Table 3 compares the numbers of the differentially expressed genes in the RCC cell lines and RCC tissues. It is clear that a much higher percentage of genes in the RCC cell lines are differentially expressed than that in the RCC tissue samples. This finding suggests that the gene expression profile in RCC cell lines is significantly different from that in RCC tissue. Interestingly, two of the up-regulated genes in the RCC cell lines, myosin heavy chain 11 and calponin 1 were also reported to be among the 17 signature genes associated with metastasis in primary solid tumors of lung, breast, prostate, colorectal, uterus and ovary [20] . The over-expression of the two genes in RCC tissues was not observed. Despite the significant difference between the expression profiles of the RCC cell lines and RCC tissue samples, many important patterns were preserved. Thirty-nine out of the 42 at least 5-fold down-regulated genes in the RCC tissue samples are also found to be at least 5-fold under-expressed in the RCC cell lines while 21 of the 32 at least 5-fold up-regulated genes in the RCC tissue samples were also found to be at least 5-fold overexpressed in the RCC cell lines.
Singular value decomposition analysis
To visualize and classify the gene expression profiles of the tissue and cell line samples, the expression matrix of the five pooled samples was analyzed. Based on the 3145 selected genes, the data were was decomposed using singular value decomposition (SVD). The resulting singular values {0.588, 0.176, 0.128, 0.0656, 0.0428} form a spectrum. It is clear from the magnitude of the values that the first two singular vectors account for more than 76% of the total variance in the expression data. The projections of the five expression profiles onto the first two singular vectors are displayed in Figure 3 . The gene expression profiles of the two normal tissue sample clustered together. The difference between the two normal profiles reflects the variations among different patients. The gene expression profiles of the two RCC tissue samples were clustered into a distinct group. More notably, the profile of the RCC cell lines is well separated from the tissue groups, indicating that the cell line gene expression profile is very different from the profiles of either normal kidney or RCC tissue samples.
Biological process ontology tree of 1,340 genes associated with RCC tissues Figure 1 Biological process ontology tree of 1,340 genes associated with RCC tissues. The first integer following the name of each functional group represents the number of genes associated with the group. The first percent number stands for the percentage of genes in the group that are at least two-fold up regulated in average. The second number is the percentage of down-regulated genes. *Over-expression also reported in clear cell RCC by 1 Boer et al., 2 Takahashi et al., 3 Young et al., and/or 4 Higgins et al. 
Discussion
We analyzed the gene expression profiles of both clear cell RCC tissues and a RCC cell lines using functional clustering analysis and singular value decomposition. The expression levels of the genes in certain functional groups, such as cell adhesion and transport, were either mainly up-regulated or down-regulated, while the expression levels of many other groups such as metabolism, do not show clear patterns. Interestingly, all of the five at least 5-fold differentially expressed genes in the cell adhesion group are up-regulated in RCC ( Table 1 ). The five genes are laminin A3, fibronectin 1, fibronectin receptor alpha subunit, vWF, and BIGH3. This greatly altered cell adhesion expression is very likely associated with carcinogenesis, tumor invasion and metastasis. Laminin A3 is the alpha 3 chain of laminin 5, which is an adhesive glycoprotein in the extracellular matrix. The laminins mediate the attachment, migration and organization of cells into tissues by interacting with other extracellular matrix components [36] . The association of laminin A3 with carcinogenesis has been reported for other types of cancers such as lung cancer [37] . Interestingly, the expression of laminin A3 was suppressed in lung cancer in contrast with its over-expression in RCC found in this study. *Under-expression also reported in clear cell RCC by 1 Boer et al., 2 Takahashi et al., 3 Young et al., and/or 4 Higgins et al. Fibronectin 1 is another adhesive protein that binds to the external face of the plasma membrane and enables cells to interact with the extracellular matrix [38] . The cell-binding region of fibronectin 1 binds and releases integrin, a complex of proteins that span the plasma membrane. vWF is a plasma protein. It mediates platelet adhesion to the injured vessel wall and carries and protects coagulation factor VIII. At the site of vascular damage, vWF binds immediately to exposed collagens, thereby facilitating the adhesion of platelets [39] . BIGH3 encodes a secreted adhesion molecule, which is believed to be involved in tumor progression by regulating integrin receptors [40] .
SVD projections of the five expression profiles based on 3,145 genes 
RCC cell line
The over-expression of fibronectin 1, fibronectin receptor alpha subunit, vWF, and BIGH3 have all been reported previously in RCC and/or other types of cancers [22] [23] [24] 26, 41, 42] . Like many other genes, the five genes are playing many different roles in biological processes. Laminin A3, fibronectin receptor alpha subunit, and BIGH3 are also associated with integrin receptor signaling. BIGH3 is also involved in cell growth and proliferation, while fibronectin 1 is also involved in cell motility and transduction in developmental processes. vWF plays roles in blood coagulation. The 27 remaining over-expressed genes are mainly associated with cell growth, metabolism, proliferation, and transduction in developmental processes. Table 2 shows the genes that are at least 5-fold down-regulated in RCC tissue. These include five of the six at least 5-fold differentially expressed genes involved in transport are found in the table. They include the renal Na/Pi cotransporter, Na/Cl electro-neutral thiazide-sensitive cotransporter, sodium/glucose cotransporter, liver fatty acid binding protein (FABP1), and lactoferrin (LTF). Notably, the cotransporters are all remarkably down-regulated. The renal Na/Pi-cotransporter is localized at the apical membrane of the proximal tubular cells [43] . It is believed to play an important role in the maintenance of phosphate homeostasis in the kidney. Reabsorption of phosphate in the kidney occurs predominately in the proximal tubule. This process is mediated mainly by Na+ dependent Na/Pi cotransporter in the brush border membrane and is regulated by a variety of hormones, including insulin-like growth factor. Na/Cl electro-neutral thiazidesensitive cotransporter is highly and specifically expressed in epithelial cells of distal convoluted tubule of the kidney [44] . It drives the movement of chloride across the membrane of epithelial cells and thus maintains to the chloride homeostasis. The sodium/glucose cotransporter is located in the early proximal convoluted tubule. It is involved in the reabsorption of D-glucose in the kidney [45] . The remarkable under-expression of the cotransporters clearly indicates that the disruption of electrolyte homeostasis maintained by ion transport systems is associated with RCC carcinogenesis. FABP1 is in a family of small, highly conserved, cytoplasmic proteins that bind long-chain fatty acids and other hydrophobic ligands. LTF is an important member of the transferrin family that plays an essential role in the transport of iron to all tissue cells. Since LTF is carried in the bloodstream, its level can be easily monitored, with the gene expression alteration of LTF having a greater potential to be used for early diagnosis of RCC.
The comparison of gene expression profiles in RCC tissues and the cell lines shows significant differences between the expression patterns of the two different types of samples. Three factors that might contribute to these differences include (1) the RCC cell lines were derived from metastatic RCC. Therefore, possibly more gene mutations were accumulated and thus more genes were differentially expressed; (2) the RCC cell lines are a pure population of cancer cells in contrast to the RCC tissue samples that contain many other different types of cells besides cancer cells. Thus the expression intensity of differentially expressed genes was magnified in the RCC cell lines; (3) the in vitro culture of the RCC cell lines may have introduced changes in the gene expression profile as compared with in vivo cancer cells in the RCC tissue samples. On the other hand, many important genes were consistently expressed in both types of samples, suggesting that some of the gene expression patterns in RCC tissues can be recognized through the study of the gene expression in RCC cell lines. In this study, all the genes associated with cell adhesion that were discussed above, laminin A3, fibronectin 1, fibronectin receptor alpha subunit, and BIGH3 except vWF were consistently up-regulated in the RCC cell lines. The expression intensity of vWF in the RCC cell lines was not significantly different from the background, thus vWF was not selected for the analysis of the cell line profile. We note that the up-regulation of vWF in RCC tissue samples has been reported [22] [23] [24] . The five genes involved in transport, renal Na/Pi cotransporter, Na/Cl electro-neutral thiazide-sensitive cotransporter, sodium/ glucose cotransporter, FABP1 and LTF are all remarkably down-regulated in the RCC cell lines, which is consistent with the results from the RCC tissue samples.
Conclusions
This study has identified 74 gene expression alterations in clear cell RCC. The majority (~64%) of these alterations has been reported in RCC previously. Extensive annotation, clustering and analysis of a large number of genes based on the gene functional ontology revealed many interesting gene expression patterns in RCC. Most notably, genes involved in cell adhesion were up-regulated whereas genes involved in transport were down-regulated. The identified alterations of gene expression will likely give insight into RCC carcinogenesis and tumor progression. Our initial, detailed comparison of gene expression profiles in RCC tissue and cell lines revealed significant differences of gene expression patterns between the two types of samples.
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